To determine whether serum levels of 25-hydroxyvitamin D (25(OH)D) in young adults are associated with risk of type 1 diabetes mellitus (T1D), we conducted a prospective, nested case-control study among US activeduty military personnel with serum in the US Department of Defense Serum Repository, identifying 310 T1D cases diagnosed between 1997 and 2009 with at least 2 serum samples collected before disease onset and 613 controls matched to cases on age, sex, race/ethnicity, branch of military service, and dates of serum collection. Conditional logistic regression was used to estimate rate ratios and 95% confidence intervals. Among nonHispanic whites, those with average 25(OH)D levels of ≥100 nmol/L had a 44% lower risk of developing T1D than those with average 25(OH)D levels <75 nmol/L (rate ratio = 0.56, 95% confidence interval: 0.35, 0.90, P for trend = 0.03) over an average follow-up of 5.4 years. In quintile analyses, T1D risk was highest among individuals whose 25(OH)D levels were in the lowest 20% of those measured. There was no association between 25(OH)D levels and risk of T1D among non-Hispanic blacks or Hispanics. Low 25(OH)D levels may predispose healthy, young, non-Hispanic white adults to the development of T1D.
Type 1 diabetes (T1D) is characterized by destruction of the insulin-producing β-cells in the pancreas, with evidence of an autoimmune process in most cases (1) . Although there is a strong genetic predisposition to T1D (2, 3), environmental factors are likely to be important, particularly for onset of T1D in adulthood (4) . Vitamin D is emerging as an important immunomodulator, and healthy young adults with elevated serum 25-hydroxyvitamin D (25(OH)D) levels have a lower risk of multiple sclerosis (5) , an autoimmune disease genetically and epidemiologically related to T1D (6) . Evidence for a role of vitamin D in T1D is conflicting and is based on exposure to vitamin D only in utero (7) (8) (9) or early childhood (10) (11) (12) . Although in about 60% of T1D cases onset occurs after the age of 20 years (13) , there are no longitudinal studies, to our knowledge, examining the relation between vitamin D levels in adults and T1D risk.
Therefore, we conducted a prospective nested case-control study among healthy US military personnel to examine whether serum 25(OH)D levels in young adults predict their risk of developing T1D.
MATERIALS AND METHODS

Study population
Beginning in the mid-1980s, the US military has tested all military personnel for human immunodeficiency virus antibodies prior to enrollment, before and after overseas deployments, and during regular medical checkups (on average, every 2 years). Sera left over from these tests are documented, stored in freezers at −30°C by the Department of Defense Serum Repository, and made available for medical research (14) . The Department of Defense Serum Repository has collected and stored more than 40 million serum samples from more than 8 million personnel from all branches of US military service. The institutional review boards of the Harvard School of Public Health and the Walter Reed Army Institute of Research approved this study and waived the need for informed consent to use archived medical records and stored sera. We were not able to identify individual patients through serum sample labeling, preserving patient anonymity.
Case ascertainment
Active-duty personnel diagnosed with any type of diabetes are evaluated for medical discharge from the military. We searched the database of the US Naval Council of Personnel Boards, which is also the physical disability agency for the US Marines, for members who were diagnosed with diabetes between 1997 and 2009. To identify personnel with a specific diagnosis of T1D, we reviewed all medical records and excluded individuals with a diagnosis of type 2 diabetes. Information collected from the medical records included dates of first symptom onset and diagnosis, blood glucose levels (random and/or fasting) at the first medical encounter, signs and symptoms at presentation ( polyuria, polydipsia, polyphagia, unintended weight loss, ketoacidosis, coma), and results of autoantibody testing (antiglutamic acid decarboxylase (GAD) immunoglobulin G, anti-islet cell immunoglobulin G). We identified 334 cases of possible T1D; 264 (79%) had a specific diagnosis of T1D in the medical records, 46 (14%) had a diagnosis of insulin-dependent diabetes mellitus, 17 (5.1%) had a diagnosis of "diabetes," and the remaining 7 (2.1%) had a diagnosis described as "other" or "unknown." The information available in the medical records for these 24 "uncertain" cases was consistent with T1D. GAD antibody results were reported in the medical records of 179 cases, of whom 140 (78%) were GAD positive, and 26 (15%) were GAD negative. Islet cell antibody testing was reported for 125 cases, including 97 who were also tested for GAD antibodies, and 34 (27%) were reported positive. The main case group included all 334 cases; the "definite" case group excluded the 24 uncertain cases, and the autoantibody-positive subgroup included 156 cases (Figure 1 ).
Control and serum sample ascertainment
Two controls were randomly selected from the Department of Defense Serum Repository and matched to each case on age (±1 year), sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, or other (race categories as defined by the US military)), dates of serum collection (±30 days), and branch of military service (navy or marines). All controls were on active duty on the date of symptom onset of the matched case. For 7 cases, only 1 suitable control was identified. Up to 3 serum samples collected before diabetes symptom onset and 1 after diabetes symptom onset were obtained for each case and its matched control. 
Laboratory analysis
Serum 25(OH)D levels were measured in all available serum samples by a direct, competitive chemiluminescence immunoassay (CLIA) using the LIAISON 25OH Vitamin D TOTAL assay (DiaSorin, Inc., Stillwater, Minnesota) in the laboratory of 1 of the authors (R.H.). Sera from each matched case-control set were analyzed in the same assay batch. From 369 quality control samples that were dispersed throughout the study samples, we calculated an interassay coefficient of variation of 5.3%, and an intraassay coefficient of variation of 3.1%. Further, the expected seasonal and race variations in 25(OH)D were observed in the controls: The mean 25(OH)D levels were 66.0 nmol/L for samples collected in winter (January through April), 85.5 nmol/L for samples collected in summer (July through October), and 72.3 nmol/L for samples collected in spring and fall (May, June, November, and December). NonHispanic whites had higher average 25(OH)D levels (84.6 nmol/L) than non-Hispanic blacks (50.7 nmol/L) (P < 0.0001) and Hispanics (73 nmol/L) (P < 0.0001). Further, 25(OH)D levels appeared to be unaffected by length of storage as mean levels did not vary significantly by year of sample collection (data not shown).
Covariates
Information was available on the state of residence at entry into the navy/marines, and was categorized into tiers of latitude as described in previous studies of this population (5, 15) .
Statistical analysis
Because of seasonal fluctuations in 25(OH)D, multiple measures of 25(OH)D are considered a better indicator of an individual's long-term 25(OH)D status than 1 measurement collected at 1 point in time. Thus, our primary hypothesis was that long-term, average 25(OH)D levels are determinant of T1D risk. We reduced random variation in 25(OH)D levels caused by the season during which blood was collected by creating deseasonalized 25(OH)D levels as previously described (5) . Briefly, within each race/ethnic group, using linear regression models, we regressed the raw 25(OH)D measurements on the periodic function (−sin (2ΠX/12)−cos(2ΠX/12)), where X is the month of sample collection (16) . We also included in the same model indicators for age, sex, and laboratory assay batch, to reduce variations from these sources. The residuals from this model were added to the sex-specific 25(OH)D means derived from the model, as men in general tend to have higher levels of 25(OH)D than women, to obtain adjusted 25(OH)D measurements specific to each race/sex group. For each individual, adjusted preonset 25(OH)D levels from multiple (i.e., 2 or 3) samples were averaged together and used as an estimate of their long-term 25(OH)D exposure status. Cases with only 1 preonset sample (n = 24 cases), as well as their matched controls, were excluded from further examination as a single 25(OH)D measurement at 1 point in time is less likely to reflect longer-term 25(OH)D nutrition, leaving 310 cases in the main case group (Figure 1) . The "other" race group had only 17 T1D cases and was not further analyzed in this study. Analyses were also conducted excluding the 24 cases with an uncertain T1D diagnosis. We further restricted the analyses to 1) cases and controls with 3 averaged serum samples to further reduce random variation in average 25(OH)D levels and 2) cases that were GAD positive and/or islet cell antibody positive by medical record report, as they were laboratory-confirmed cases of autoimmune T1D.
Within each race/ethnic group, we used conditional logistic regression to estimate the relative risk of T1D. Multivariate analyses further included latitude of residence at entry into the military. Average 25(OH)D levels were modeled as a continuous variable to assess linearity. In categorical analyses, we used 2 approaches: a priori defined categories and quintiles of 25(OH)D (tertiles for nonHispanic blacks and Hispanics because of smaller sample sizes); the latter approach was used to avoid making assumptions regarding the shape of the dose-response curve. A priori categories were chosen on the basis of generally accepted levels of vitamin D insufficiency, deficiency, and sufficiency, as used in our prior study of 25 (OH)D and multiple sclerosis (5) . The categories were defined as <25 nmol/L, 25-<50 nmol/L, 50-<75 nmol/L, 75-<100 nmol/L, and ≥100 nmol/L; however, because of small sample sizes within some categories, in analyses among non-Hispanic whites and Hispanics, the lowest 3 categories were collapsed to <75 nmol/L, and among nonHispanic blacks, the categories were collapsed to <50 nmol/L, 50-<75 nmol/L, and ≥75 nmol/L. Because of variations between assays and laboratories in measuring 25 (OH)D (17, 18) , the 25(OH)D levels measured in this study may not be equivalent to those assessed by using other methods (see Appendix for conversion equation, on the basis of analyses of 139 samples using both methods). The quantiles were created on the basis of the distribution of average adjusted 25(OH)D among the controls, and the median of each quantile was modeled as a continuous variable to assess linearity of the rate ratios across the quantiles. For all analyses, a 2-tailed P value of <0.05 was considered significant. All analyses were conducted in SAS, version 9.1, software (SAS Institute, Inc., Cary, North Carolina).
RESULTS
General characteristics of the T1D cases and controls with at least 2 available serum samples are shown in Table 1 . lower risk of T1D, and those with levels ≥100 nmol/L had a 44% lower risk of T1D (P for trend = 0.03) ( Table 2) . Excluding the 6 uncertain cases and their matched controls strengthened these results (Table 2) . Further restricting the analysis to definite cases with 3 samples yielded a 54% lower risk among those with 25(OH)D between 75 and 100 nmol/L and a 63% lower risk among those with levels ≥100 nmol/L when compared with those with levels <75 nmol/L (P for trend = 0.001) ( Table 2 ). These rate ratios were somewhat attenuated in the autoantibodypositive subgroup: (75-<100 nmol/L vs. <75 nmol/L, rate ratio (RR) = 0.62, 95% confidence interval (CI): 0.31, 1.28; ≥100 nmol/L, RR = 0.41, 95% CI: 0.20, 0.84, P for trend = 0.02).
In quintile analyses adjusting for latitude of residence at entry into the military, the highest risk of T1D was among individuals whose 25(OH)D levels were in the lowest 20% (i.e., quintile 1) of those measured. Compared with this quintile, cases in quintiles 2-5 had similar rate ratios, with a 30% lower risk of T1D in the top versus bottom quintile among individuals with ≥2 serum samples, and a 35% lower risk when excluding uncertain T1D cases. Among those with 3 samples, the rate ratios of cases in the top versus bottom quintiles were similar both when excluding uncertain cases (P for trend = 0.008) and when further restricting to antibody-positive cases (P for trend = 0.04) ( Table 3) . This is the first study, to our knowledge, to assess 25(OH)D serum levels in otherwise healthy adults and follow them for a clinical onset/diagnosis of T1D. Previous investigations of vitamin D and T1D have primarily examined vitamin D exposure during pregnancy (7-9) or childhood (10) (11) (12) and risk of a T1D diagnosis before adulthood and have had mixed results. The finding of an inverse association in the current study is consistent with previous work in this military cohort demonstrating that high 25(OH)D levels are associated with a lower risk of (19) (20) (21) (22) (23) , when 25(OH)D levels may be influenced by the disease itself or individual behavior changes in response to disease. In the current study, the preonset samples were collected on average 5.4 years before clinical onset of T1D; thus, it is unlikely that 25(OH)D levels would be influenced by overt symptoms of diabetes per se. Although we cannot rule out the possibility that the subclinical autoimmune process in T1D, which begins years prior to complete loss of insulin production (24), affects vitamin D metabolism resulting in lower circulating 25(OH) D levels, our results suggest that low 25(OH)D levels may contribute to the autoimmune process, or through another mechanism, lead to an increased risk of T1D. Although our study has several strengths, including a prospective design with a representative control group and repeated measures of 25(OH)D, there are some limitations to consider. First is the potential misclassification of type of diabetes. All cases of "diabetes" were identified and then further reviewed for type. Individuals with a clear diagnosis of type 2 diabetes in the medical records were excluded from the study. The majority of cases included here (93%) were diagnosed with T1D or insulin-dependent diabetes mellitus by a physician. The remaining 7% did not have a specific diagnosis of T1D, but there was not enough information in the medical records to rule it out. Thus, we performed secondary analyses excluding these cases. However, certain ethnic groups, including blacks and Hispanics, are more likely to develop "idiopathic T1D," which is characterized by an acute onset with no evidence of autoimmunity and commonly includes other hallmarks of a type-2 diabetic process (25); some have suggested that idiopathic T1D may be more properly described as "ketosis-prone type 2 diabetes" (26) . Thus, because there may be more misclassification of true T1D in these ethnic groups, we restricted analyses to GAD-positive and/or islet cell antibody-positive cases, and results were similar to those for the entire study population. Second, as in all observational studies, possible confounding by other environmental or genetic risk factors cannot be ruled out. Sun exposure is an important determinant of circulating 25(OH)D levels (27) . Because ultraviolet B radiation may have other immunosuppressive actions outside of the vitamin D pathway (28), we cannot exclude the possibility that the low T1D risk among individuals with elevated 25(OH)D is caused by a direct protective effect of ultraviolet B radiation rather than a vitamin D effect. This interpretation, however, would leave the previously reported inverse association between dietary vitamin D supplementation and T1D (10) unexplained. Confounding by a gene that both increases T1D risk and is associated with decreased 25(OH)D levels should also be considered. The cytochrome P450, family 2, subfamily R, polypeptide 1 gene (CYP2R1) encoding the 25-hydroxylase that converts vitamin D to 25(OH)D, has been associated with both circulating levels of 25(OH)D (29) and risk of T1D (30) , though the latter associations are weak and cannot completely (29) . Finally, because of the demographic makeup of the US military, all T1D cases were adult-onset (i.e., age 18 years or later) and 95% of the cases were male; thus, these findings may not be generalizable to childhood-and adolescent-onset T1D or to women, and similar studies in these groups are needed. The lack of any association between 25(OH)D levels among non-Hispanic blacks and Hispanics appears in contradiction to the hypothesis that low 25(OH)D levels increase risk of T1D, as both groups tend to have lower levels of 25(OH)D compared with whites. While some cases of T1D are likely idiopathic (see above), restricting our analysis to T1D cases with antibodies against GAD and/or islet cells did not change the results. One possible explanation is lack of power to detect an association because of the small sample sizes in these groups, compounded by the small number of non-Hispanic blacks with 25(OH)D levels in the range inversely associated with T1D in non-Hispanic whites (25(OH)D ∼>75 nmol/L). Continued follow-up in this population, thus increasing the sample size in these groups, will help to elucidate any associations.
The biological mechanism by which vitamin D may protect against T1D is not known but may involve a complex interplay of immunomodulation and β-cell protection (32) . In nonobese diabetic mice, 1,25-dihydroxyvitamin D or its analogs can inhibit the maturation of dendritic cells, decrease interleukin-12 production, reduce the helper T cell 1T H populations driving the autoimmune response, and increase the 2T H and T regulatory cell populations (33) (34) (35) . Further, 1,25-dihydroxyvitamin D may protect β-cells against cytokine-induced death (36) (37) (38) . Vitamin D has also been shown to reduce the incidence and delay onset in other autoimmune disease models (39) (40) (41) .
In summary, in this large prospective study based on repeated measures of serum 25(OH)D, we found that risk of developing T1D among young, apparently healthy, nonHispanic white adults was highest among individuals whose levels of 25(OH)D were in the lowest 20% of those measured. Although an approximate 2-fold difference in risk of T1D was observed when comparing those with 25(OH)D levels above 75 nmol/L with those with levels below 75 nmol/L, this absolute level should be interpreted cautiously because of variations among 25(OH)D assays and laboratories performing those assays. If the association reported here is causal, a substantial proportion of T1D cases could be prevented by vitamin D supplementation in a dose largely considered to be safe. Whereas it would be premature to recommend widespread use of vitamin D supplements for prevention of T1D, the feasibility of a primary prevention trial should be considered.
Note added in proof: While our manuscript was in press, there was a publication by Gorham et al. 43 based on the same source population of our study reporting an inverse association between serum 25(OH)D levels and diabetes risk. Gorham et al., however, included in their analyses all cases of "insulin dependent diabetes" identified in an electronic database without differentiating type 1 from type 2 diabetes, while, in contrast, we restricted our investigation to cases of type 1 diabetes confirmed by a review of the individual medical records and evidence of the presence of autoantibodies against glutamic acid decarboxylase or islet cells. Further, our review of the medical records also permitted the identification of the date of diabetes symptom onset, and thus the selection of multiple serum samples collected before that date.
